The distribution and concentration of Ti in quartz was assessed in five rutile-bearing anatectic aluminous granulites from the Grenville Province, Canada, each with previously constrained P-T conditions of metamorphism. Characterisation of quartz in these samples with the aid of cathodoluminescence (CL) mapping revealed two distinct types in each sample, resorbed quartz partly consumed by melting reactions during the prograde portion of metamorphism and quartz grown from crystallisation of partial melt during retrogression. In two of the samples, pseudomorphs after former melt in the form of quartz overgrowths on existing quartz were discovered using CL which are not visible by other methods. The P-T conditions recorded by each type based on Ti-in-quartz thermobarometry are in poor agreement with microstructures and P-T results inferred from phase equilibria modelling. The negative correlation between Ti incorporation into quartz and P suggests that prograde quartz, which is expected to record near-peak P-T, should be Ti-poor relative to retrograde quartz, which crystallised at conditions several kbar lower than peak P. The opposite trend was found; retrograde quartz is typically relatively Ti-poor and quartz overgrowths may be nearly Ti-free. Additionally, prograde quartz has variable Ti contents and fails to systematically record near peak P-T. Despite the presence of rutile in the samples, which is generally considered to ensure a Ti-saturated system, these results are strong evidence for Ti-undersaturation of quartz caused by disequilibrium between quartz and rutile. In addition, Zr-in-rutile thermometry generally gives lower temperatures than expected for these rocks, which can be explained by retrograde resetting of Zr in rutile and potentially by disequilibrium between rutile and zircon. Based on these results, the degree of Ti (or Zr) saturation achieved at any stage of metamorphism should be assessed with caution, as co-existence of quartz and rutile (or rutile and zircon) within a thin section or sample may not be a sufficient criterion for equilibrium.
INTRODUCTION
Quartz is a ubiquitous phase in aluminous metamorphic rocks and contains trace amounts of Ti that are controlled by the temperature, pressure, and availability of Ti during metamorphism (Wark & Watson, 2006; Thomas et al., 2010; Huang & Audé tat, 2012) . Trace Ti in quartz has also been empirically linked to a particular cathodoluminescence (CL) emission (Mü ller et al., 2002) , allowing Ti distribution in quartz to be imaged at high resolution (e.g. Leeman et al., 2012) . Therefore, CL can be a useful tool in metamorphic rocks for distinguishing different types of quartz, examining their internal zoning and other structures, and for providing valuable information about the origin and history of quartz in the context of the metamorphic evolution of these rocks.
Since the initial formulation of a Ti-in-quartz thermometer by Wark & Watson (2006) , the technique has become increasingly popular and has been applied to rocks from a variety of geological settings. Metamorphic rocks, V C The Author(s) 2018. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com however, have been relatively underexplored, particularly those metamorphosed at granulite-facies conditions (e.g. Spear & Wark, 2009; Storm & Spear, 2009; Zhang et al., 2014) . Titanium-in-quartz has the potential to be a useful complementary technique for interpreting the P-T paths of such rocks for several reasons. The high temperatures associated with granulite-facies metamorphism (> 750 C) aids Ti volume diffusion in quartz (Cherniak et al., 2007) and a Ti-buffering phase such as ilmenite or rutile is typically stable at these conditions. Sluggish diffusion of Ti in quartz at lower temperatures, compared to major elements such as Fe and Mg in other minerals, could make Ti-in-quartz relatively resistant to retrograde resetting and consequently capable of recording peak T conditions reliably (Storm & Spear, 2009 ). Furthermore, aluminous granulites inevitably undergo anatexis, in which quartz plays an important role. Large quantities of quartz are consumed by melt-producing reactions (Spear & Wark, 2009) , and thus new quartz grows upon crystallisation of anatectic melt during retrogression. Two populations of quartz should, therefore, be present in aluminous granulites: (1) variably recrystallised and/or resorbed relics of quartz that were present during the prograde portion of metamorphism; and (2) retrograde quartz grown from melt. Their Ti contents could yield important constraints on the anatectic record of these rocks. In addition, combining Ti-in-quartz with Zr-in-rutile thermometry (Zack et al., 2004; Ferry & Watson, 2007; Tomkins et al., 2007) could allow for even tighter constraints on peak P-T conditions, given that the latter has been applied to zircon-bearing aluminous granulites with some success (e.g. Luvizotto & Zack, 2009; Kooijman et al., 2012; Ewing et al., 2013) .
Although Ti-in-quartz thermobarometry can be an attractive option, the application of this technique is not without challenges. The most complicated aspect and long-standing problem is evaluating a TiO2 , or activity of TiO 2 , in the system under consideration. The presence of rutile is generally considered to ensure TiO 2 saturation, or a TiO2 ¼ 1Á0, and although Ti-in-quartz thermobarometers are ideally calibrated in this environment, there is some debate as to whether saturation was achieved during the different calibration experiments (Thomas et al., 2010; Huang & Audé tat, 2012; Thomas et al., 2015) . Assigning an a TiO2 value to rutile-free assemblages in natural samples can, therefore, be difficult, although there is some consensus that aluminous rocks remain near TiO 2 saturation even for ilmenitebearing assemblages, based on analysis of natural samples and theoretical calculations (Ghent & Stout, 1984; Ashley & Law, 2015) . However, even the presence of rutile may not always guarantee TiO 2 saturation; for instance, Morgan et al. (2014) found evidence for variable a TiO2 during contact metamorphism of rutile-bearing quartzite.
In this contribution, we investigate quartz in anatectic aluminous granulites to evaluate the potential of CL imaging for discriminating quartz related to melt production and crystallisation, and the possibility of using its Ti concentration to constrain the P-T range of the near-peak and retrograde anatectic record. We focus on five samples collected in the Manicouagan area of the central Grenville Province in Qué bec, Canada, where both high-P, kyanite-bearing and mid-P, sillimanitebearing granulites are exposed. These rocks provide evidence of partial melting both at the outcrop and sample scale and were estimated to have reached at least 830 C based on their assemblages and phase equilibria modelling (Indares & Dunning, 2001; Jordan et al., 2006; Indares et al., 2008; Lasalle & Indares, 2014) . To fully characterise quartz in these samples, we employed high-resolution imaging techniques including CL mapping of individual grains. Different generations of quartz were identified, in some cases only visible in the CL maps, and the Ti content of each was used for Ti-inquartz thermobarometry. In addition, trace Zr was measured in rutile for Zr-in-rutile thermometry. The results were evaluated in the context of phase equilibria models and previously established P-T constraints on these samples. This work has revealed the importance of CL imaging of quartz, but also major limitations of applying trace element thermobarometers to anatectic aluminous rocks, and brings into question assumptions of equilibrium in trace element systems.
METHODS

Imaging
Entire thin sections were mapped using an FEI Quanta 400 scanning electron microscope (SEM) at the Memorial University of Newfoundland (MUN), equipped with Mineral Liberation Analysis (MLA) software (JKTech, University of Queensland, Australia), operating at 25 kV with a 10 nA beam current. The MLA software generated false colour mineral maps, highlighting the distribution of quartz and its textural relationships with other phases at the thin section scale. Quartz was imaged at the grain scale by CL mapping using the xCLent IV system coupled to the JEOL JXA-8230 electron probe microanalyzer (EPMA) at MUN. Mapping conditions were 20 (for some 15) kV accelerating voltage, 200 nA beam current, and 80 ms dwell time with step sizes ranging from 1 mm to 7 mm (depending on the size of the crystal mapped). The system collects CL maps simultaneously with wavelength-dispersive spectroscopy (WDS) x-ray maps. The xCLent IV software acquires the CL spectra, from the ultraviolet (UV) to the infrared (IR) regions of the electromagnetic spectrum, from each pixel and produces false colour maps of the relative CL intensities; particular emissions may be isolated to create wavelength-specific CL intensity maps. In all samples, quartz produced two distinct, broad peaks centred at $430 nm ('blue' emission) and $640 nm ('red' emission); as the former has been linked to trace Ti in quartz (Mü ller et al., 2002) , intensity maps of this emission were used to assess the distribution of Ti in the quartz (see also Leeman et al., 2012) . Silicon x-ray maps collected synchronously with CL were used to illustrate the distribution of quartz in the CL images.
Quantitative analysis
Quartz was quantitatively analysed for trace Ti using the EPMA at MUN. Titanium-in-quartz analyses were done at 20 (for some 15) kV accelerating voltage and 200 nA beam current, with 240 s counting time on peak and 120 s on each background. A first set of analyses (samples 100 and 107b) were run using 15 kV following the protocol of Wark & Watson (2006) , Storm & Wark (2009) . Subsequent analyses (samples 244, 320, HJ60b, some for 100) were carried out at 20 kV after Donovan et al. (2011) and there appears to be no significant difference between the two datasets aside from small changes in analytical uncertainty and minimum detection limit (MDL) (all Ti-inquartz results are available in Supplementary Data Appendix A; supplementary data are available for downloading at http://www.petrology.oxfordjournals. org). Using the Probe for EPMA software (Probe Software, Inc.), Ti counts simultaneously collected by two WDS spectrometers with PETL crystals were combined to improve analytical precision and MDL (Donovan et al., 2011) . Analytical precision was in the range of 6 3 to 4 ppm (1 r) for 15 kV, and between 6 2 and 3 ppm (1 r) for 20 kV. The MDL was 7 ppm for 15 kV and 5 ppm for 20 kV. These values represent minimum error, as they are based only on counting statistics; physical factors (e.g. beam stability, beam focus, fluctuations in room temperature) can have a significant effect on uncertainty for trace element analyses. For each quartz analysis, SiO 2 was fixed at 100 wt %. The 'blank correction' protocol in the Probe for EPMA software was applied to reduce systematic errors in the analysis of trace Ti (Donovan et al., 2011) ; the Astimex quartz standard, which has nominal Ti, was analysed as the blank. The primary standard for Ti was synthetic Astimex rutile, and operating conditions of 20 (for some 15) kV, 20 nA, and 10 s on peak and 5 s on each background were used for standardization. Secondary standards with trace Ti were analysed to ensure accuracy, including Shandong smoky quartz (reported Ti content of 57 6 4 ppm from Audé tat et al., 2014), a collection of synthetic glasses produced at MUN doped with various trace elements (J. M Hanchar, unpublished data), and a collection of Ti-doped synthetic glasses produced at the University of Edinburgh (J. Craven). Seventy analyses of the Shandong smoky quartz collected over the course of this research gave an average of 54 ppm Ti, with a standard deviation of 4 ppm (1 r) for this population (see Supplementary Data Appendix A).
Zirconium in rutile was also analysed at MUN using the EPMA, with operating conditions of 20 kV, 200 nA, 240 s counting time on peak and 120 s on each background. A single spectrometer measured Zr with a PETL crystal, and analytical uncertainty ranged from 6 12 to 17 ppm (1 r) with an MDL of 159 ppm. Synthetic ZrO 2 (J. M Hanchar collection) was the primary standard for Zr, and standardization was carried out at 20 kV, 20 nA, 10 s on peak and 5 s on each background. For rutile analysis, TiO 2 was fixed at 100 wt %.
MINERALOGY AND MICROSTRUCTURES
All five samples contain garnet porphyroblasts, kyanite or sillimanite, biotite, plagioclase, K-feldspar, and quartz (Fig. 1) . Four are high-P, kyanite-bearing granulites that were previously described by Indares & Dunning (2001) , Jordan et al. (2006) , Indares et al. (2008) , Lasalle & Indares (2014) , and Kendrick & Indares (2018) ; one is a mid-P granulite containing sillimanite and was described by Lasalle & Indares (2014) . Rutile and zircon are present in all samples, both in the groundmass and within garnet porphyroblasts; the sillimanite-bearing sample additionally contains ilmenite. These minor phases are distinguished in the SEM maps in Fig. 1 , however they are too small to be clearly visible at the scale of the figure (see Supplementary Data Appendix B).
Sample 100 comprises garnet porphyroblasts in a groundmass containing biotite, plagioclase, K-feldspar, quartz and scarce kyanite, with prominent quartz ribbons (Fig. 1a) . The SEM mineral map shows an overall layered distribution of phases, with the quartz ribbons concentrated in diffuse layers and/or elongate domains separated by layers rich in feldspars and biotite, locally with kyanite trails. The quartz ribbons are composed of several large, variably elongated (up to 4 mm long) quartz crystals exhibiting weak undulose extinction ( Fig. 2a) and in the feldspar-rich layers K-feldspar typically forms clusters with interstitial quartz, rimmed by plagioclase and biotite. The overall foliation wraps around garnet and is also deflected by shear bands. Patches of muscovite are also present, associated with garnet or K-feldspar clusters. Rutile is distributed randomly in the groundmass and as inclusions in garnet, and zircon is present throughout the thin section.
Sample 244 contains abundant elongate garnet and kyanite porphyroblasts in a homogeneous biotite þ plagioclase þ K-feldspar þ quartz groundmass (Fig. 1b) . Kyanite, garnet and, to a lesser extent, the groundmass phases define a foliation in this sample. Some garnet crystals contain inclusions of kyanite parallel to their long axes, suggesting that garnet represents pseudomorphs after former kyanite. Rutile, apatite, and less abundant zircon are minor phases throughout the groundmass and as inclusions in garnet.
Sample 320 comprises garnet, kyanite, and K-feldspar porphyroblasts in a relatively homogeneous groundmass of biotite þ plagioclase þ K-feldspar þ quartz (Fig. 1c) , with kyanite defining a weak foliation. Rutile is present mainly as inclusions in garnet and scarcely in the groundmass, along with zircon.
The most heterogeneous of the samples examined, sample 107b features aluminous domains comprising kyanite and garnet porphyroblasts along with partly recrystallised quartz ribbons made of several large quartz grains (each up to 5 mm long; Fig. 2b ) in a K-feldspar-dominated groundmass (Fig. 1d) . A crude foliation is defined by the orientation of the aluminous domains and quartz ribbons. Kyanite crystals are separated from quartz by successive rims of plagioclase and K-feldspar. Rutile occurs mainly in aluminous domains in association with biotite and garnet, however several grains are dispersed in the quartzo-feldspathic groundmass. Zircon is present as a minor phase throughout the sample.
Sample HJ60b features xenomorphic to subidioblastic garnet porphyroblasts in a groundmass consisting of a biotite þ sillimanite (þ quartz) 'network' interstitial to K-feldspar þ quartz þ plagioclase clusters (Fig. 1e ). Rutile associated with quartzo-feldspathic domains, or as inclusions in garnet, appears stable, however where it is associated with the biotite þ sillimanite network, rutile is partly replaced by ilmenite. Sulphides, graphite, and zircon are distributed throughout the sample.
In all samples, the rims of garnet porphyroblasts are variably replaced by biotite 6 plagioclase 6 aluminosilicate.
Evidence of partial melting
Each sample exhibits evidence of partial melting during metamorphism, with several features involving quartz indicative of the former presence of melt. Garnet in samples 100, 244, 320, and HJ60b contains polyphase inclusions comprising resorbed quartz or aluminosilicate surrounded by a pool of optically continuous plagioclase or K-feldspar (Fig. 2c ), interpreted to have replaced former melt (Indares & Dunning, 2001; Jordan et al., 2006; Lasalle & Indares, 2014) . Similarly, pods of skeletal kyanite surrounded by quartz found between adjacent garnet porphyroblasts in samples 320 and 244 (Fig. 2d) have been inferred to represent resorbed kyanite trapped with former melt (Indares & Dunning, 2001) . In sample 320, one kyanite porphyroblast has thin, elongate overgrowths intergrown with quartz ( Fig. 2e) , which have been interpreted to have formed during melt crystallisation (Kendrick & Indares, 2018) . Pseudomorphs after melt were also identified as thin rims or small pools of quartz around biotite and aluminosilicate, and as plagioclase films associated with garnet ( Fig. 2f and g ; samples HJ60b, 320, and 244), plagioclase and K-feldspar rims separating kyanite from quartz ribbons ( Fig. 2h ; sample 107b) and patches of interstitial quartz between K-feldspar crystals (samples 100 and 244). Such features were previously described by Holness & Sawyer (2008) and Groppo et al. (2012) in samples from other natural settings. In addition, symplectic intergrowths of biotite þ quartz were found in sample HJ60b and such features have been inferred by Waters (2001) to form during melt crystallisation; Ashworth (1972) also attributed similar muscovite þ quartz symplectites to melt crystallisation. Finally, patches of plagioclase intergrown with quartz are found in samples HJ60b, 100, 244, and 320 and appear to be retrograde, although their relation to former partial melt is unclear. 
Interpretation
The assemblages and textures observed in these rocks are indicative of dehydration melting of biotite, which proceeded by a quartz-consuming continuous reaction of the type Biotite þ Al-silicate 6 Plagioclase þ Quartz ¼ Garnet þ K-feldspar þ Melt in the NCKFMASH system, following dehydration melting of muscovite. Variable replacement of garnet by biotite 6 plagioclase 6 aluminosilicate in each sample suggests retrogression and melt crystallisation within the multivariant P-T field of biotite dehydration melting (Indares & Dunning, 2001; Jordan et al., 2006) . Preservation of the peak assemblage and the scarcity of retrograde muscovite in these rocks, which is present only in sample 100, is consistent with the loss of a fraction of the anatectic melt during metamorphism (Indares et al., 2008; Lasalle & Indares, 2014; Kendrick & Indares, 2018) .
In the kyanite-bearing samples, rutile is the only Tibearing oxide phase; however, both rutile and ilmenite are present in the sillimanite-bearing sample HJ60b. Rutile can be produced during the prograde part of metamorphism by the release of Ti upon breakdown of biotite during biotite dehydration melting, whereas the replacement of rutile by ilmenite in sample HJ60b suggests that ilmenite formed during retrogression. The presence of rutile in the kyanite-bearing samples suggests that these rocks were saturated with respect to TiO 2 during metamorphism, and the persistence of rutile (variably replaced by retrograde ilmenite) in the sillimanite-bearing sample HJ60b may indicate that this sample too remained saturated with respect to TiO 2. Additionally, all samples contain quartz and zircon, which is inferred to buffer the Zr content of rutile (Zack et al., 2004) .
QUARTZ MICROSTRUCTURES, CL PATTERNS, AND TI CONTENTS General features
Most quartz in the samples are small, rounded grains throughout the groundmass, all with a resorbed appearance. Larger, elongate quartz grains are also found in samples 320 and 244, and samples 100 and 107b additionally contain partly recrystallised quartz ribbons, also with resorbed edges. These populations are, therefore, inferred to have been present during the prograde portion of metamorphism, and partly consumed during anatexis and these will collectively be referred to as 'prograde quartz'. In contrast, quartz found in films, pools, or other settings linked to melt crystallisation are interpreted to have formed during retrogression in the supra-solidus P-T range and will be referred to here as 'retrograde quartz'. In all samples, the CL maps of prograde quartz define complex patterns including crosscutting linear features, in contrast to the comparatively simple appearance of retrograde quartz.
The intensity of the $430 nm (blue) emission correlates well with the Ti content, as has been previously reported (Mü ller et al., 2002; Leeman et al., 2012) ; however, the intensity also fluctuates slightly but systematically with the c-axis orientation of the quartz grains. Grains with c-axes perpendicular or near perpendicular to the thin section plane (determined by optical microscopy) typically emit weaker blue CL than crystals with similar Ti content and a different orientation (Fig. 3a) . Walderhaug & Rykkje (2000) also documented the effect of quartz orientation on CL emissions, in that case in terms of observed CL colours. In general, intensity maps of the blue emission were considered here to approximate Ti-in-quartz maps and were used to guide analysis, although in a few cases, quartz was analysed without a map in the interest of time. Results are presented in box and whisker plots in Figs 4, 5-9 show false-colour, blue CL intensity maps of quartz.
Biotite secondary fluorescence
An important factor that must be considered when analysing Ti in quartz by EPMA is the possibility of secondary fluorescence from nearby Ti-rich phases adding spurious Ti to the analysis. Wark & Watson (2006) documented this effect by showing that false Ti can be detected in quartz up to 150 mm from rutile, with Ti increasing exponentially with decreasing distance from rutile. Simulations by Fournelle (2007) showed that EPMA analyses of trace Ti in zircon near rutile or ilmenite, or even zircon mounted in a Ti-bearing glass are all susceptible to secondary fluorescence. Although care was taken in this study to avoid analysing quartz near rutile, biotite also contains significant Ti and is, therefore, a potential source of secondary fluorescence.
To test this hypothesis, analyses were collected along a linear traverse orthogonal to the biotite-quartz interface of a quartz grain that appears homogeneous in CL in sample 100 (Fig. 3a) . The analyses were carried out at 20 kV in order for the results to be comparable to the majority of our data. The results (Fig. 3b) show that trace Ti in quartz increases exponentially with decreasing distance from biotite, beginning at $50 mm from the interface. This interface appears to be nearly perpendicular to the plane of the thin section (determined by optical microscopy), suggesting that secondary fluorescence is the cause of the increased Ti rather than direct sampling of biotite beneath the surface. Although the effect is not as dramatic as secondary fluorescence of rutile, which can add hundreds of ppm of Ti to the analysis (Wark & Watson, 2006) , the several tens of extra ppm found here could result in outlying data. In samples 244 and 320, remarkably high Ti contents were obtained from retrograde quartz associated with biotite, and several analyses of prograde quartz close to biotite in samples 100 and HJ60b are also relatively high, in some cases contrary to the CL map. Some of the retrograde quartz pools associated with biotite in Fig. 7b are < 100 mm wide, necessitating analyses < 50 mm from biotite, where some false Ti, caused by secondary fluorescence, could have been measured, which in turn Two grains (Q1 and Q2, outlined) have comparable Ti contents but different CL intensity, interpreted to be caused by the significantly different optical orientations of these grains. (b) A traverse of 17 points, each spaced 10 mm apart, were analysed (at 20 kV) orthogonal to the interface between biotite and quartz. Given the homogeneity of the quartz grain in (a), the sharp increase in Ti toward the biotite-quartz interface beginning at $50 mm distance is interpreted to have been caused by secondary fluorescence of Ti in biotite. could lead to inaccuracies in the calculated temperatures. Although it may be possible that quartz associated with biotite is indeed more Ti-rich, we cannot rule out the possibility of secondary fluorescence affecting our analyses and, therefore, we interpret Ti values measured near (< 50 mm) biotite with caution.
Sample 100
In sample 100, prograde quartz comprises variably recrystallised quartz ribbons ($1 mm wide) and small groundmass grains (up to 300 mm) typically associated with plagioclase þ biotite þ kyanite domains. The CL intensity maps of prograde quartz in the sample show variable patterns; they may be patchy or zoned toward weaker intensity at the rims (Fig. 5a) ; quartz ribbons are typically more homogeneous in CL maps than the discrete quartz grains. Retrograde quartz is represented by patches or overgrowths on prograde quartz (Fig. 5b) filling interstices in K-feldspar clusters, and is commonly associated with muscovite (Fig. 5c) . The CL intensity of this quartz may decrease toward the rims or may be very weak overall with straight, sharp features reminiscent of igneous growth zoning (Fig. 5b) .
Trace Ti in quartz in sample 100 ranges from below MDL to 111 ppm, with 196 total analyses (Fig. 4a) . Small prograde grains have the highest Ti contents and the largest range, with nearly all analyses between 10 and 70 ppm Ti and rarely higher values of 80 6 3 (from two separate grains), 90 6 2, and 111 6 2 ppm. These maximum values were measured in grains up to 100 mm in diameter, mainly in contact with plagioclase, biotite, or K-feldspar. Prograde quartz ribbons have a distinctly narrower range with generally lower overall values, typically from below MDL to $30 ppm with outliers at 39 6 3 and 47 ppm 6 3 ppm. Retrograde interstitial quartz ranges from below MDL to nearly 50 ppm, with the majority below 30 ppm, based on 16 analyses. Interstitial quartz associated with muscovite showed very weak CL, indicating low Ti (< 20 ppm).
Sample 244
In sample 244, relatively large prograde grains (up to 1 mm; Fig. 6a ) are common in the groundmass and retrograde quartz includes quartz þ plagioclase intergrowths (Fig. 6b) , quartz films or pools around biotite and kyanite, and interstitial quartz between K-feldspar grains. The CL intensity of retrograde quartz is similar to that of prograde grains or weaker, and may decrease toward the rims.
Twenty-two analyses of prograde quartz in this sample revealed a Ti range of $35 to nearly 70 ppm (Fig. 4b) . The range for retrograde quartz partly overlaps that of prograde quartz, with $20 to 50 ppm Ti from 17 analyses. Notably, retrograde quartz pools associated with biotite gave outlying data, with one 75 6 2 ppm and two 112 6 2 ppm Ti analyses, which were taken 40 mm from biotite.
Sample 320
Quartz in sample 320 comprises large prograde quartz grains (up to 1 mm; Fig. 7a ) with several types of retrograde quartz: quartz þ plagioclase intergrowths, a quartz þ kyanite intergrowth at the edges of a large kyanite grain (Fig. 2e) , quartz pools or films around biotite ( Fig. 7b) and kyanite, and kyanite þ quartz pods between adjacent garnet porphyroblasts (Figs 2d, 7c) . Prograde quartz typically displays zonation toward rims with weaker CL intensity.
A range of $10 to nearly 55 ppm Ti was measured in prograde quartz in this sample, resulting from 22 analyses (Fig. 4c) . Retrograde quartz from all settings collectively gave a larger range, from $15 to nearly 90 ppm Ti from 33 analyses. Many of the upper quartile results (> $55 ppm) were obtained from quartz analyses 50 mm from biotite.
Sample 107b
All quartz in sample 107b appears prograde, in the form of quartz ribbons (up to 2 mm wide). These may be zoned with a more intense CL core and weaker rims (Fig. 8a) . The CL images revealed distinct quartz overgrowths on some ribbons (Fig. 8a and b) , typically in contact with K-feldspar or plagioclase. These overgrowths are distinguished in CL maps by their very weak CL intensity, lack of cross-cutting linear features, and straight, sharp patterns, and are interpreted to be retrograde.
Titanium contents in quartz in this sample are the most distinctly bimodal (Fig. 4d) . Based on 23 analyses, Ti in quartz ribbons ranges from $25 to nearly 50 ppm, with consistently $45 6 3 ppm Ti in the cores and all lower values measured at the rims. Ten analyses of retrograde quartz overgrowths with weak CL were all at or below MDL.
Sample HJ60b
Quartz in sample HJ60b comprises relatively large prograde quartz grains (up to 1 mm) throughout the groundmass (Fig. 9a) and as inclusions in garnet; retrograde quartz is represented by pools or films around sillimanite (Fig. 9b) , symplectic quartz þ biotite intergrowths (Fig. 9c) , and quartz þ plagioclase intergrowths. Both types show zonation from cores with high CL intensity to lower intensity rims; prograde crystals display stronger zonation and retrograde quartz typically has weaker CL overall.
In this sample, the cores and rims of over 60 prograde grains were analysed, giving a range of $20 to 165 ppm Ti (outlier at 177 6 2 ppm ; Fig. 4e) ; the highest contents (those > 100 ppm) were typically obtained from the cores. The large range in values is the result of both strong Ti zonation in many grains and variation among grains. Thirteen analyses from retrograde quartz range from $40 to 90 ppm, and the consistent CL intensity in this type of quartz indicates that this range is representative.
Summary and discussion
In samples 100, HJ60b, 244, and 107b, prograde quartz has a higher average Ti content than the retrograde quartz. Prograde quartz is the most Ti-rich in sample HJ60b, with sample 100 reaching the second highest values, and sample 244 having somewhat higher concentrations than samples 320 and 107b, which are comparable. Quartz ribbons in sample 100, however, have the lowest average Ti concentration of all prograde quartz if they are considered as a separate population. The most Ti-poor retrograde quartz is found in samples 100 and 107b, where it forms overgrowths on existing quartz or interstitial patches identified by CL mapping (Figs 5b and c and 8a and b) and is generally surrounded by K-feldspar. In samples 244, 320, and HJ60b, retrograde quartz occurs in other settings such as pools or films associated with aluminosilicate or biotite and intergrowths with plagioclase, which yielded Ti contents typically lower than or somewhat overlapping with those of prograde quartz. Most maximum Ti contents of retrograde quartz came from analyses of quartz pools associated with biotite (e.g. Fig. 7b ). On average, retrograde quartz in sample HJ60b is more Ti-rich than the other samples.
According to the results of diffusion experiments by Cherniak et al. (2007) , the diffusion distance of Ti through the quartz structure over 1 Myr would be on the order of 500 mm at 800 C. Given that these samples are interpreted to have reached temperatures > 800 C in a tectonic setting characterised by protracted regional metamorphism, prograde quartz could have feasibly re-equilibrated to Ti concentrations reflective of peak P-T conditions. Alternatively, the quartz could have failed to equilibrate and thus would retain a Ti value inherited from an earlier part of the P-T history; this would be expected for particularly large grains, such as the quartz ribbons. Deformation is another important factor that could affect the Ti content of the prograde grains, as quartz undergoing dynamic recrystallisation may re-equilibrate to the Ti concentration expected for the temperature of deformation (Grujic et al., 2011; Korchinski et al., 2012) . There is evidence for post-peak P-T deformation in at least sample 100 (see Fig. 1a) ; however, prograde quartz in all samples preserves a resorbed appearance and, in many cases, complex CL patterns, suggesting that any recrystallisation of the grains during retrogression was not pervasive. Therefore, prograde quartz is interpreted not to have been significantly reset to retrograde Ti concentrations. Retrograde quartz in all samples, given the evidence that it crystallised from melt, is expected to record conditions within the P-T range of melt crystallisation. 
ZR CONTENTS OF RUTILE
Rutile in different textural settings in each sample was targeted for Zr-in-rutile thermometry. Rutile is present as inclusions in garnet and in the groundmass in each thin section, and where possible, multiple measurements were taken from individual grains. Results are presented in box and whisker plots in Fig. 10 .
In sample 100, the Zr contents of groundmass grains and inclusions in garnet are comparable, with ranges of 283 6 12 to 544 6 13 ppm and 437 6 13 to 649 6 13 ppm respectively (Fig. 10a) . Small crystals are homogeneous with respect to Zr, whereas larger grains (> 70 mm) exhibit weakly decreasing Zr toward their rims. The most Zr-poor rutile analysed was surrounded mainly by biotite. Small rutile inclusions in garnet in sample 244 (Fig. 11a) are enriched in Zr relative to groundmass crystals, with ranges of 1095 6 14 to 1751 6 16 ppm and 522 6 13 to 1527 6 16 ppm, respectively (Fig. 10b) . Groundmass rutile is typically weakly zoned with higher Zr cores and lower Zr rims; minimum values were measured in a grain associated with biotite and quartz films. In contrast to the other samples, small rutile inclusions ( 100 mm) in garnet are abundant in sample 320 and groundmass rutile is scarce. The two populations have distinct Zr contents, with 435 6 13 to 1038 6 14 ppm in rutile inclusions in garnet and 175 6 12 to 242 6 12 ppm in groundmass grains (Fig. 10c) . Notably, all four groundmass rutile grains found in sample 320 have irregular shapes and are separated from adjacent biotite by a film of quartz (Fig. 11b) . In sample 107b, the Zr contents of each type of rutile are distinct, with 1343 6 15 to 1364 6 15 ppm from a rutile inclusion in garnet and 450 6 13 to 1126 6 15 ppm in groundmass rutile (Fig. 10d) . However, as only one rutile inclusion in garnet was analysed, the narrow range of Zr values may not be representative. Groundmass grains typically have weak zonation, with higher Zr in cores than rims. Rutile in sample HJ60b gave a broad range of Zr values, from below MDL to 2161 6 17 ppm in groundmass grains and from 1743 6 16 to 2181 6 17 ppm in inclusions in garnet (Fig. 10e) . Rutile inclusions in garnet are few, and thus only two were analysed. Minimum Zr-in-rutile values from groundmass grains were measured in rutile partly replaced by ilmenite in the biotite þ sillimanite network (< MDL to 470 6 13 ppm; Fig. 11c) ; rutile elsewhere in the groundmass is more Zr-rich (1228 6 15 to 2161 6 17 ppm; Fig. 11d ) and may be weakly zoned with slightly Zrdepleted rims.
Summary and interpretation
In all samples, rutile inclusions in garnet are generally more Zr-rich than groundmass rutile. These grains may have been trapped within garnet produced during biotite dehydration melting, the same reaction that could have also produced rutile in these rocks; therefore, these rutile grains could record prograde or near-peak temperatures. However, some garnet may have been produced before anatexis, and thus the rutile inclusions in those grains would record an earlier portion of the prograde history. The comparatively low Zr in groundmass rutile may be the result of Zr resetting at lower temperatures, as rutile partly replaced by ilmenite in sample HJ60b (Fig. 11c) and the irregularly shaped rutile associated with biotite 6 quartz films in samples 320 (Fig. 11b) , 244, and 100, have especially low Zr concentrations. One ilmenite þ rutile grain in sample HJ60b is associated with interstitial zircon (Fig. 11c) , consistent with rutile releasing Zr during retrogression. In contrast, maximum groundmass Zr-in-rutile values in all samples were found in grains not associated with retrograde microstructures (e.g. Fig. 11d ).
THERMOBAROMETRY Pseudosections and P-T paths
A P-T framework for each sample was previously developed by phase equilibria modelling (Indares et al., 2008; Lasalle & Indares, 2014; Kendrick & Indares, 2018) and each phase diagram has been reproduced here to evaluate the consistency of the Ti-in-quartz and Zr-inrutile results with other features of these rocks. These phase diagrams, which are valid only for the particular bulk compositions for which they were constructed, are referred to here using the informal term 'pseudosections'. For all samples, pseudosections were calculated in the NCKFMASHTO system using the THERMOCALC software (version 3.33, updated from Powell & Holland, 1988) with the tcds55 dataset of Holland & Powell (1998; updated in 2003) . Activity models used were as follows: White et al. (2007) for garnet, biotite, and melt; Holland & Powell (2003) for plagioclase and K-feldspar; and Coggon & Holland (2002) for muscovite. Bulk compositions (Table 1) used for modelling are those of Indares et al. (2008) and Lasalle & Indares (2014) . The pseudosections were calculated for the measured bulk compositions of the samples, which are considered 'residual' as a result of melt loss during the prograde portion of metamorphism. Additional pseudosections using meltreintegrated bulk compositions were produced by Indares et al. (2008) , Lasalle & Indares (2014) , and Kendrick & Indares (2018) to explore the prograde histories of the rocks, but these diagrams are not reproduced here because they are not necessary for evaluating the peak and retrograde P-T histories. The value of O is set to a minimal 0Á05 for all samples to reflect the presence of rutile in the high-P samples and the appearance of ilmenite as only a retrograde phase in the mid-P sample. Ilmenite has been excluded from the pseudosections, as the value of O for the samples has not been independently constrained; therefore, the modelled P-T extent of ilmenite stability has little meaning. Abbreviations used are: grt (garnet), bt (biotite), liq (liquid), pl (plagioclase), ksp (K-feldspar), qtz (quartz), ky (kyanite), sil (sillimanite), ms (muscovite), opx (orthopyroxene), crd (cordierite), rt (rutile).
Each pseudosection features a similar set of topologies, most importantly including the field in which the assemblage grt-bt-ky/sil-pl-ksp-liq-qtz-rt is stable, referred to here as Field I (Fig. 12 , Field I shown in purple). This is the field in which continuous dehydration melting of biotite proceeds with increasing T; observed mineral assemblages and textures indicate that the near-peak prograde and retrograde P-T paths of these samples lie within Field I. In all pseudosections, Field I is limited at high T by the biotite-out boundary and at low T by the solidus. In pseudosections for samples 107b, 244, and 320 ( Fig. 12b-d) , the appearance of muscovite and disappearance of plagioclase mark the high- Indares et al. (2008) and Lasalle & Indares (2014) . The proportion of H 2 O was calculated using the modal proportion of biotite and the H-Ti substitution scheme of White et al. (2007) Total   100  2Á07  69Á24  10Á57  2Á66  3Á19  6Á36  2Á62  2Á57  0Á72  100Á00  244  1Á38  64Á92  11Á71  2Á22  7Á32  6Á95  3Á03  1Á59  0Á63  99Á75  320  2Á15  64Á59  13Á31  1Á19  5Á58  7Á58  2Á77  1Á83  0Á71  99Á71  107b  1Á27  74Á76  8Á99  1Á29  3Á69  4Á16  3Á32  2Á01  0Á52  100Á01  HJ60b  1Á67  69Á22  11Á47  0Á79  4Á57  7Á93  2Á64  1Á03  0Á68  100Á00 P limit. Field I in the sample 100 pseudosection (Fig. 12a ) has notable differences from the other kyanite-bearing samples, including kyanite-out boundaries at high T and high P, and a muscovite-in boundary extending to lower P. In the pseudosection for sillimanite-bearing sample HJ60b (Fig. 12e) , a cordierite-in boundary marks the low P limit of Field I. Isopleths of quartz proportions calculated within Field I Fig. 12 . P-T pseudosections for all samples, with the interpreted P-T path and modal proportions of quartz within the stability field of the assemblage grt-bt-ky/sil-pl-ksp-liq-qtz-rt (Field I).
for each sample have a steep dP/dT, and a maximum of $4 to $8 modal % quartz is predicted to be produced by retrogression within this field. P-T paths in Field I for each sample were constrained by Indares et al. (2008) and Lasalle & Indares (2014) by comparing relevant measured concentrations of X grs of garnet, which is the most robust mineral chemistry parameter, with calculated isopleths in the pseudosections and by comparing the distribution of phase modal isopleths with the observed retrograde phases. In addition, the presence of appreciable retrograde kyanite in samples 100, 244, and 320 suggests that peak T is near (or even beyond) the biotite-out boundary (Kendrick & Indares, 2018) . Finally, as a test of consistency, the calculated proportions of phases at the intersection of the retrograde P-T path with the solidus were compared with the observed mineral assemblage in each case (Indares et al., 2008; Lasalle & Indares, 2014) . Based on the difference between peak X grs and X grs of garnet rims that re-equilibrated during retrogression, samples 107b, 244, and 320 record evidence for $2 to $4 kbar of decompression ( Fig. 12b-d) , in contrast to $1 kbar and $1-1Á5 kbar of decompression for samples 100 and HJ60b, respectively ( Fig. 12a and e) . The P-T conditions of melt crystallisation are best constrained for sample 100 due to the presence of retrograde muscovite, as the appearance of muscovite at the solidus is predicted in a small P-T window (Fig. 12a) . For sample HJ60b, the addition of retrograde ilmenite to the assemblage cannot be used to accurately constrain conditions of melt crystallisation without a well-constrained value for O. Based on the P-T paths estimated for the samples, 3-5 modal % quartz is predicted to be produced during retrogression, consistent with petrographic observations.
As the pseudosections can adequately account for the mineral assemblages, textures, and the Ca contents of garnet in these samples, the interpreted P-T paths are inferred to be geologically reasonable (Indares et al., 2008; Lasalle & Indares, 2014) . Although the absolute position of the topologies in P-T space is subject to uncertainty (Powell & Holland, 1988; Palin et al., 2016) , the calculated P-T ranges of Field I are consistent with constraints on the overall P-T field of biotitedehydration melting in mid to high-P aluminous rocks (see Spear et al., 1999) .
Ti-in-quartz thermobarometry
Before evaluating the results, an appropriate calibration of the Ti-in-quartz thermobarometer must be chosen. Generally, the calibrations are based on experiments where quartz and rutile were precipitated from fluid to evaluate the Ti uptake of quartz in a TiO 2 -saturated environment. The two most recent calibrations, by Thomas et al. (2010) and Huang & Audé tat (2012) , have both taken into account the important P dependence of Ti substitution into quartz, as well as T, building upon the approach of Wark & Watson (2006) , where P was held constant. The different experimental approaches of Thomas et al. (2010) and Huang & Audé tat (2012) , however, have resulted in substantially different mathematical expressions relating Ti content to P and T. Here, we prefer the calibration of Thomas et al. (2010) , as their experiments provide more convincing evidence of equilibrium between quartz and rutile, or a TiO2 of 1Á0 (Thomas et al., 2015) . Furthermore, the experiments of Huang & Audé tat (2012) were run at a maximum of 10 kbar, considerably lower than the peak P of our kyanite-bearing samples ($13-16 kbar), whereas Thomas et al. (2010) ran experiments up to 20 kbar. A comparison of the two calibrations in the context of our samples and Ti-in-quartz results is provided in the Supplementary Data Appendix C.
Each pseudosection was overlain with isopleths of Ti-in-quartz (Fig. 13 ) calculated using the equation of Thomas et al. (2010) ,
which relates Ti concentration in quartz ðX quartz TiO2 Þ to P and T; the a TiO2 value was set as 1Á0. These isopleths are linear in P-T space with a positive dP/dT, and become more closely spaced with slightly shallower dP/ dT as Ti concentration increases with decreasing P and increasing T. Field I falls in a range of $70 to $180 ppm Ti in quartz in the pseudosection for sample 100, $50 to $200 ppm Ti in those for samples 107b, 244, and 320, and $160 to > 300 ppm Ti in the pseudosection for sample HJ60b. Measured Ti concentrations of prograde and retrograde quartz were evaluated by comparison of Ti-in-quartz isopleths with the interpreted P-T paths of the rocks.
Samples 100 and 107b
For sample 100, Ti isopleths corresponding to the high end of the Ti range measured in prograde quartz cross Field I and some overlap with the interpreted near-peak P-T path (Fig. 13a) , specifically, a range from 70 ppm Ti to the maximum measurement of 111 6 2 ppm. These relatively high values are consistent with the relatively low peak P of sample 100 compared to the other kyanite-bearing samples. In contrast, the isopleths corresponding to the Ti concentrations of quartz ribbons in sample 107b (up to 49 6 3 ppm Ti) only cross a small portion of Field I at high P, several kbar above the inferred peak P (Fig. 13b) .
Retrograde quartz in these two samples share similar features, as both are interstitial patches and, or, overgrowths of very Ti-poor quartz. The isopleths of the Ti concentrations of this quartz, < MDL to $20 ppm, fall at much lower T and, or, higher P than Field I. In the pseudosection for sample 100, where conditions of melt crystallisation are well-constrained by the retrograde muscovite-in boundary, there is a large discrepancy between expected and measured Ti contents. Quartz intergrown with retrograde muscovite (Fig. 5c ) exhibits very weak blue CL intensity indicating < 20 ppm Ti, in sharp contrast with the 90 to 100 ppm Ti expected from Ti-inquartz thermobarometry at the muscovite-in boundary (Fig. 13a) .
Samples 244 and 320
Most Ti isopleths corresponding to the Ti concentrations of prograde quartz in samples 244 and 320 (up to the maximum values of 68 6 2 and 53 6 2 ppm, respectively) fall at higher P/lower T than peak conditions interpreted for these samples ( Fig. 13c and d) . The isopleths of the highest concentrations from retrograde quartz (up to 87 6 2 ppm in 320 and up to 112 6 2 ppm in sample 244), however, overlap with the near-peak P-T conditions of these samples. Of note is the microstructural position of this Ti-rich retrograde quartz. In both samples, all Ti values consistent with near-peak P-T Fig. 13 . P-T pseudosections overlain by Ti-in-quartz isopleths (after Thomas et al., 2010) . Measured Ti-in-quartz values are indicated on the diagrams with analytical error included. conditions were measured in quartz associated with biotite, save for a single analysis associated with kyanite in sample 320.
Sample HJ60b
Higher overall Ti-in-quartz concentrations are consistent with the lower peak P of sample HJ60b compared to the kyanite-bearing samples (Fig. 13e) . Isopleths of the four highest Ti concentrations in prograde quartz, with a range of 155 6 2 to 177 6 2 ppm Ti, overlap with a portion of the interpreted prograde P-T path of this sample. Three of these analyses were measuring cores of prograde grains and one was taken at a rim near biotite. The isopleths corresponding to the range of Ti values from retrograde quartz (38 6 2 to 92 6 2 ppm) fall at significantly lower T and/or higher P than Field I. 
Zr-in-rutile thermometry
Isopleths of Zr-in-rutile were calculated for the pseudosections (Fig. 14) using the experimentally-derived equation of Tomkins et al. (2007) ,
valid for the stability field of a-quartz. The Tomkins et al. (2007) calibration was chosen because it incorporates the effect of P on Zr-in-rutile. The difference between the a-quartz and b-quartz equations is minor and the transition transects Field I, hence the chosen equation is sufficient for evaluating the results. The Zr-in-rutile isopleths have a steeper dP/dT than Ti-in-quartz isopleths, and also become more closely spaced with a slightly shallower dP/dT as Zr increases with increasing T. Field I generally overlaps with a range of between 1000-1500 and 2000-3000 ppm Zr. Based on the isopleths, most of the Zr concentrations measured in these samples are consistent with temperatures much lower than the range of Field I. Three rutile grains within garnet in sample 244 gave a range of 1687 6 16 to 1751 6 16 ppm Zr, and the isopleths of these values cross a small portion of the low T side of Field I (Fig. 14c) . Results from sample HJ60b show the best agreement between Zr-in-rutile and phase equilibria modelling. Three groundmass crystals and both inclusions in garnet collectively range from 1700 6 16 to 2181 6 17 ppm Zr, and the corresponding isopleths overlap with the inferred P-T path of this sample (Fig. 14e) . Rutile in HJ60b is the most Zr-rich of all samples, which is consistent with the minor P-dependence of Zr-in-rutile inferred by Tomkins et al. (2007) .
DISCUSSION
Summary and interpretation of results
Cathodoluminescence mapping of quartz in the anatectic rocks investigated not only revealed the Ti distribution within quartz crystals, but also proved to be a valuable tool for distinguishing prograde and retrograde quartz. Although quartz produced by melt crystallisation in some samples crystallised as distinct films or pools visible using a petrographic microscope, this was not true for samples 100 and 107b. Only by CL mapping could the retrograde quartz overgrowths in these samples be identified and their interstitial form made clear (Figs 5 and 8) . For these samples, CL maps provided the context necessary for interpretation of the Ti-in-quartz thermobarometric data. Holness & Sawyer (2008) similarly identified quartz overgrowths as products of melt crystallisation using CL imaging in a quartz-rich migmatite.
Our results have implications for the practicality of using Ti-in-quartz as a complementary tool to phase equilibria models for assessing the P-T paths of anatectic aluminous granulites. Ideally, Ti-in-quartz could be used to add additional constraints to peak P-T conditions and the P-T range of melt crystallisation. However, for most Ti concentrations measured in prograde quartz, the corresponding Ti-in-quartz isopleths occupy a P-T field at higher P/lower T than Field I. In samples 100 and HJ60b, which record the lowest peak P, the highest Ti concentrations of prograde quartz overlap with the interpreted P-T path in Field I; for the other samples, there is only minor overlap with Field I at a couple of kbar higher than the estimated peak P. Therefore, in some cases, prograde quartz may have been capable of re-equilibrating at high T. However, over 100 analyses in each of samples 100 and HJ60b were required for these results, and combined with CL mapping of each quartz grain prior to analysis, this process can be time consuming. In addition, uncertainty is associated with the positions of the topologies in the pseudosections and, therefore, the degree of overlap between the Ti-in-quartz isopleths and Field I is also subject to uncertainty. However, the large range of Ti concentrations measured in prograde quartz, which reaches very low values in some samples, suggests that many of these crystals have retained Ti concentrations inherited from the earlier prograde history of these rocks, or even their detrital source. This is consistent with the complex patterns of Ti distribution revealed by CL in some prograde grains (e.g. Fig. 5a, b) and the narrow ranges of low Ti values measured in quartz ribbons in samples 100 and 107b, as quartz ribbons within a thin section likely formed at the same time with similar Ti contents. Given that quartz is predicted to be a reactant in most prograde reactions from amphibolite to granulite facies (Storm & Spear, 2009) , the origin of Ti concentrations and distribution within prograde quartz is difficult to interpret. Therefore, although 'low Ti' prograde quartz may record values consistent with some part of the prograde P-T path, these are not useful without more context.
Given that there are uncertainties associated with phase equilibria modelling that have not been included in the diagrams in Fig. 13 , an exact match between P-T conditions predicted in the pseudosections and those from Ti-in-quartz thermobarometry may be an unrealistic expectation. However, P-T trends inferred from phase equilibria modelling are relatively robust, and should also be recorded by Ti-in-quartz. As all the samples are interpreted to record significant decompression (excluding sample 100), retrograde quartz would be expected to grow at relatively lower pressures and thus contain higher concentrations of Ti relative to those expected at the thermal peak, based on the strongly P-dependent Ti-in-quartz isopleths ( Fig. 13 ; Supplementary Data Appendix C). Overall, our data show the opposite trend, with most prograde quartz giving higher Ti values than retrograde quartz; in most cases, the Ti isopleths for retrograde quartz are clearly outside of a geologically reasonable P-T field for melt crystallisation (Fig. 13) . These low Ti-in-quartz values provide strong evidence for a TiO2 < 1Á0, or disequilibrium between quartz and rutile, during melt crystallisation. According to the interpretation that rutile inclusions in garnet could have been trapped during biotite dehydration melting, the Zr concentrations of these inclusions may be consistent with any part of the prograde P-T path within Field I. This is only the case for HJ60b, and rutile from the other samples contains much lower Zr. Some of the rutile may have been included in preanatectic garnet and these, therefore, may record early prograde temperatures. Moreover, the residual character of the bulk compositions of these samples causes Field I to be restricted to higher T in the pseudosections than would be expected during prograde metamorphism (see melt-reintegrated pseudosections of Indares et al., 2008 and Indares, 2014) . The rutile in garnet in samples 244 and 107b gave Zr-in-rutile temperatures only slightly lower than the solidus in these pseudosections ( Fig. 14b and c) , which may indeed be realistic prograde temperatures of the early stages of biotite dehydration melting.
Although groundmass rutile could have grown or reequilibrated at peak T, Zr concentrations from all samples but HJ60b are consistent with temperatures significantly lower than Field I. The low Zr contents, particularly in rutile that became unstable during retrogression ( Fig. 11b and c) , suggests that the Zr contents of groundmass grains were susceptible to retrograde resetting. However, it may also be possible that both groundmass rutile and inclusions in garnet did not achieve equilibrium with zircon, as even relatively pristine groundmass rutile in sample HJ60b (Fig. 11d) failed to record peak conditions, and rutile in samples 100 and 320 is very Zr-poor ( Fig. 14a and d) .
Assessing equilibrium
The presence of rutile is generally considered to buffer the Ti content of quartz, and likewise, coexisting quartz and zircon are thought to buffer Zr-in-rutile. In the experiments done to calibrate these thermobarometers, the relevant phases are typically precipitated together from a saturated fluid to ensure equilibrium among them (Wark & Watson, 2006; Ferry & Watson, 2007; Tomkins et al., 2007; Thomas et al., 2010; Huang & Audé tat, 2012) . In these relatively simple systems, the textural relationships among the minerals in the run products can provide clear evidence for equilibrium (e.g. Thomas et al., 2015) . However, in natural samples, assessing whether equilibrium was achieved in these trace element systems is more complicated, and coexistence of the phases of interest within a thin section may not be sufficient.
Ti-in-quartz
The samples investigated here were undergoing biotite dehydration melting at the metamorphic peak; quartz and rutile would need to achieve equilibrium in this environment in order for Ti-in-quartz to record peak P-T conditions. The biotite dehydration melting reaction consumes quartz, and, given that Ti solubility in the other phases produced during melting is relatively low (e.g. melt, garnet; Hayden & Watson, 2007; Ackerson et al., 2017) , rutile is likely to be produced as biotite releases Ti (Fig. 15a) , which is generally considered to ensure a TiO2 ¼ 1Á0. During melt crystallisation, new quartz grows along with new biotite, which would be expected to gain Ti by rutile dissolution. As rutile was found in the groundmass of all samples, it was not completely consumed by retrograde biotite and was thus present during retrograde quartz production. Despite the production and/or presence of rutile during metamorphism, our results suggest that in most cases, quartz and rutile did not achieve equilibrium. Notably, the low Ti concentrations found in retrograde quartz are incompatible with the reasonably well-constrained P-T range of melt crystallisation, and although the transition of rutile to ilmenite in sample HJ60b could suggest that a TiO2 was only slightly less than 1Á0 (Ghent & Stout, 1984; Ashley & Law, 2015) , our results indicate that it was much lower.
Disequilibrium between quartz and rutile could result from several factors, including a small equilibration volume associated with rutile, the lack of a driving force for equilibration, and slow volume diffusion of Ti through the quartz structure (Cherniak et al., 2007) , although the latter would not apply to new quartz grown during melt crystallisation. The locally Ti-rich prograde quartz in samples HJ60b and 100 may indicate that Ti-saturation was achieved in microdomains near rutile (Fig. 15a) . Moreover, in sample 107b, Ti-poor quartz ribbons and nearly Ti-free retrograde overgrowths are surrounded by K-feldspar and isolated from aluminous domains (Fig. 2h) in which biotite dehydration melting and rutile production were localised. This is in agreement with the experimental work of Bromiley & Hiscock (2016) on grain boundary diffusion of Ti. Another important factor, particularly during retrogression, may be the activation energy required for exchange between rutile and quartz, as rutile crystals not participating in a reaction may essentially be inert (Fig. 15b) . This is consistent with the Ti-poor quartz pseudomorphs after melt pockets in sample 100; the K-feldspar clusters that host this quartz are commonly also host to rutile. Equilibration of Ti-in-quartz may be aided by recrystallisation of quartz grains during deformation (e.g. recrystallisation experiments of Thomas et al., 2015) ; however, all quartz in a rock may not re-equilibrate at every stage during a protracted deformation episode, and this could add further complexity to an already convoluted Ti-in-quartz record.
Zr-in-rutile
For most samples in this study, the Zr concentrations of rutile inclusions in garnet could be compatible with prograde temperatures of garnet growth; however, no groundmass crystals recording peak T were found. Locally, retrograde resetting appears to have been important, as rutile associated with retrograde biotite and ilmenite ( Fig. 11b and c) have particularly low Zr contents. Resetting of Zr-in-rutile during retrogression has been documented in other granulite-facies rocks, aluminous or mafic in composition (e.g. Luvizotto & Zack, 2009; Meyer et al., 2011; Ewing et al., 2013; Mitchell & Harley, 2017) , in which rutile contains exsolutions of zircon or is in contact with small zircon grains. In the samples investigated here, rutile showed no exsolution features and was rarely adjacent to zircon; retrograde resetting here appears to have been driven mainly by interaction of rutile with biotite or ilmenite (Fig. 15b) . The local nature of this feature indicates that resetting likely did not take place in equilibrium with zircon, and thus the grains do not record the temperatures of these retrograde reactions.
In addition to retrograde resetting, it is possible that rutile failed to achieve equilibrium with zircon at peak metamorphic conditions. During anatexis of aluminous rocks, zircon is predicted to at least partially dissolve in order to saturate the anatectic melt in Zr (Bea & Montero, 1999; Kelsey et al., 2008; Yakymchuk & Brown, 2014) . Therefore, during biotite dehydration melting, rutile is expected to grow coeval with zircon dissolution (Fig. 15a) . If zircon is abundant and not exhausted before peak metamorphic conditions, saturation of both rutile and anatectic melt with respect to Zr should be possible at peak P-T. However, for lower than average initial bulk rock concentrations of Zr, solubility modelling suggests that zircon may dissolve completely in anatectic melt at temperatures less than or close to the inferred peak T of the samples under investigation here (Kelsey et al., 2008; Yakymchuk & Brown, 2014) . If zircon is exhausted during biotite dehydration melting before peak P-T conditions, rutile may be undersaturated in Zr as a result; however, a zircon study of samples 244 and HJ60b revealed the presence of inherited zircon (Lasalle et al., 2013) , thus providing evidence against this scenario. Even with stable zircon at peak P-T, equilibrium among all rutile, melt and zircon at the scale of a thin section may be difficult to achieve, as small zircon and rutile are scattered sparsely and melt extraction may outpace equilibration (Yakymchuk & Brown, 2014) . The distribution of zircon grains in the rock is also an important factor, as those included within major phases are less available to melt and rutile than those at grain boundaries (Sawyer, 1999) . Kooijman et al. (2012) also argued for undersaturation of Zr in rutile at peak conditions in aluminous granulites despite the presence of zircon, based on the preservation of prograde or earlier Zr zonation in rutile.
CONCLUSIONS
For anatectic aluminous granulites, CL imaging is an indispensable tool for distinguishing quartz that survived prograde melting reactions from new retrograde quartz. Quartz pseudomorphs after former melt may be cryptic features not obvious or visible by petrographic observation, as we have shown that they may form overgrowths on existing quartz. Without documentation of quartz with the aid of CL, specifically the blue emission, the significance of measured Ti-in-quartz cannot be assessed. With the growing popularity of trace element thermobarometers, testing their utility by applying them to well-characterised samples with previously established P-T paths is essential to gain an understanding of the possible limitations of these techniques. Although many features of anatectic aluminous granulites can make them good candidates for Ti-in-quartz in particular, our work suggests that these data should be interpreted with care. The co-existence of the phases required for application of these thermobarometers does not ensure that equilibrium was achieved among them. Despite the presence of rutile in all samples investigated, we have demonstrated unequivocally that quartz crystallised from partial melt in a Tiundersaturated environment. Similarly, some prograde quartz and possibly rutile did not re-equilibrate to the respective Ti and Zr values expected for the peak P-T conditions reached by these rocks. Co-existence of quartz, rutile, and zircon has been traditionally regarded as evidence for equilibrium among these phases during synthesis experiments, however natural systems are more complex and dynamic, and the possibility of disequilibrium must be considered.
